Abstract Aims/hypothesis: Insulin resistance and insulin deficiency are proposed as risk factors for IGT and type 2 diabetes. We assessed the predictive value of initial parameters for the outcome of an OGTT performed 24.3±2.9 years later in an unselected healthy non-obese population. Methods: The K-value of an IVGTT was determined in 267 healthy subjects (mean±SD: age 31.0±12.0 years, BMI 21.8±2.8 kg/m 2 ). First-phase insulin response to a glucose infusion test was estimated as an incremental 5-or 10-min (ΔI5 or ΔI10) value, and as insulinogenic indices (ΔI5/ΔG5 or ΔI10/ΔG10) adjusted for insulin sensitivity determined by homeostasis model assessment for insulin resistance ([ΔI5/ΔG5]/HOMA-IR). Results: At followup, six subjects had type 2 diabetes and 47 had IGT; 214 retained normal glucose tolerance. Insulin sensitivity and early (30 min) insulin response decreased with decreasing outcome OGTT. Blood glucose (2 h) at OGTT correlated positively with initial age and BMI, and negatively with ΔI5/ΔG5, (ΔI5/ΔG5)/HOMA-IR and K-value. In multiple linear regression analysis, (ΔI5/ΔG5)/HOMA-IR, ΔI10, K-value, age, HOMA estimate of insulin secretion, and fasting plasma glucose were significantly associated with 2-h OGTT blood glucose. Similar results were obtained on comparing differences between subjects with normal and decreased (IGT+diabetes) glucose tolerance. Conclusions/interpretation: In 267 non-obese healthy subjects, initial K-value and first-phase insulin response to glucose adjusted for insulin sensitivity, but not insulin sensitivity itself, were strong predictors of the outcome of an OGTT performed 25 years later. Thus, in contrast to obese or other high-risk populations, in lean subjects, decreased beta cell function, but not insulin resistance itself, determines future glucose tolerance.
Introduction
Type 2 diabetes develops through interaction between heredity and environment [1] . The disease evolves from a hypothetical prediabetic phase through IGT. IGT and type 2 diabetes are characterised by decreased insulin release and insulin resistance [2] [3] [4] . As regards prediabetes, contradictory data have been presented indicating that impaired insulin response to glucose [4] [5] [6] , decreased peripheral insulin sensitivity [7] , or a combination of both [8] [9] [10] , is the primary marker.
The objective of this study was to characterise the initial parameters that predicted the outcome of an OGTT at longterm follow-up in a normal, healthy population. Emphasis was placed on clarifying the predictive role of glucose tolerance and insulin responsiveness in this regard. At the initiation of the study, glucose tolerance was assessed by calculating the glucose disappearance rate (K-value) after i. v. administration of glucose (IVGTT). Insulin responsiveness was measured using a glucose infusion test, which was designed to evaluate both first-and second-phase insulin responses to glucose [11] . Fasting plasma glucose and insulin during the glucose infusion test were used to assess insulin resistance and beta cell function by homeostasis model assessment (HOMA).
Subjects and methods
Subjects Subjects (n=319) were recruited between 1963 and 1981. They were mainly healthy Swedish blood donors with a normal IVGTT, defined as K-value ≥1.0%/ min. Forty-one subjects were lost to follow-up. Nine had developed diabetes during the follow-up (two had developed type 1 diabetes) and did not participate in the final OGTT. Thus, 269 subjects underwent an OGTT at the end of the study. However, two subjects showed signs of autoimmune diabetes and were excluded from further analyses. The protocol was approved by the ethics committee of Karolinska Hospital.
The sample consisted of 152 male and 115 female subjects, who were aged 6-64 years (mean±SD 31.0± 12.0) at the start of study and had a BMI of 13.0-30.0 kg/ m 2 (mean±SD 21.8±2.8). Age at OGTT was 55.6±10.7 years (mean±SD) and duration of follow-up was 24.3±2.9 years (mean±SD). None of the subjects were receiving medication.
The IVGTT Glucose (25 g) was injected rapidly as a 25% solution. Capillary blood glucose was measured every 5 min for 70 min, and values plotted semi-logarithmically against time. The near-straight line obtained after a 25-min equilibration period was used to calculate the K-value (%/min), i.e. the disappearance rate of glucose [12] .
The glucose infusion test A 25% glucose solution (500 mg/ kg body weight) was injected rapidly; this was followed by infusion of a 15% glucose solution at a rate of 20 mg kg −1 min −1 for 60 min [11] . Venous blood samples were drawn at 5-20-min intervals over 120 min for determination of blood glucose and plasma insulin.
Estimates obtained during the glucose infusion test The HOMA for beta cell function (HOMA-β) and insulin resistance (HOMA-IR) were calculated from fasting plasma glucose and insulin concentrations [13] . Incremental plasma insulin (ΔI5) and blood glucose (ΔG5) responses were calculated as the difference between the value baseline and the value at 5 min after initiation of glucose injection. The ratio of incremental insulin to glucose responses (ΔI5/ΔG5; insulinogenic index) was used as a measure of beta cell function. Insulin sensitivity is a critical modulator of the insulin response [14] ; we therefore adjusted ΔI5/ΔG5 for insulin sensitivity by dividing it by HOMA-IR ([ΔI5/ΔG5]/HOMA-IR). Other estimates used were incremental insulin concentration (ΔI10) and insulinogenic index at 10 min (ΔI10/ΔG10).
The OGTT Glucose (75 g) was dissolved in 250 ml water. Results were interpreted according to World Health Organization criteria [15] for venous blood glucose.
Estimates obtained during OGTT Incremental plasma insulin (ΔI30) and blood glucose (ΔG30) responses were calculated as difference between baseline and values at 30 min after glucose intake. The ratio of the incremental insulin to glucose response (ΔI30/ΔG30) was adjusted for insulin sensitivity by dividing with the HOMA-IR ([ΔI30/ΔG30]/HOMA-IR).
Assays Glucose was measured in whole blood and plasma with glucose oxidase. In samples from the glucose infusion test, plasma insulin was determined by radioimmunoassay, using charcoal to separate antibody-bound and free insulin. A double-antibody radioimmunoassay was used to determine plasma insulin in venous samples from the OGTT. All diabetic subjects were tested for GAD antibodies.
Statistical analysis Statistical analysis was performed using STATISTICA, version 6.0 (StatSoft, Tulsa, OK, USA). Data are presented as means±SEM unless stated otherwise. Analyses were performed after logarithmical transformation of skewed variables. Correlations between 2-h blood glucose at OGTT and other variables were assessed using Spearman's rank correlation coefficient, while simple linear regression analysis was performed after logarithmic transformation of the data. The χ 2 test was used to test for sex differences between the groups with NGT and decreased glucose tolerance (DGT; this group includes those with IGT and those with diabetes). The Mann-Whitney U-test was performed to compare the NGT and DGT groups. The Kruskal-Wallis test was used to compare the NGT, IGT and diabetic groups. Multiple linear regression analysis was performed with variables assessed at the start of the study used as covariates and 2-h blood glucose during the OGTT used as the dependent variable. A similar analysis was performed with glucose tolerance (DGT vs NGT) used as the dependent variable in multiple logistic regression. The models were checked by inspection of residuals. Several variables in the univariate analyses were derived variables and most were excluded from the multivariate analyses due to multicollinearity. A p value less than 0.05 was regarded as statistically significant.
Results
Cross-sectional study: results of OGTT at follow-up According to the OGTT at follow-up, of the 269 subjects with no previously known diabetes, eight had developed diabetes (3%), 47 had developed IGT (17.5%) and 214 showed NGT. Two diabetic patients tested positive for GAD antibodies and were excluded from analyses. The groups with diabetes and IGT were combined into a common group, DGT (19.9%).
The characteristics of the subjects at the end of followup are shown in Table 1 . Sex did not correlate with glucose tolerance. Age, BMI, WHR and systolic and diastolic blood pressure were higher in groups with decreased glucose tolerance.
Current insulin responsiveness and sensitivity were estimated as previously described [4] . Insulin sensitivity (Fig. 1a) and early insulin response (Fig. 1b) decreased with decreasing glucose tolerance. The deteriorating insulin secretion capacity was more pronounced when beta cell function was adjusted according to insulin sensitivity (Fig. 1c ).
Longitudinal study: correlation of 2-h blood glucose at outcome OGTT with variables measured at inclusion There were significant positive correlations with age and BMI, and a negative correlation with K-value. Importantly, first-phase insulin response during the glucose infusion test (ΔI5/ΔG5 and [ΔI5/ΔG5]/HOMA-IR) correlated negatively with OGTT ( Table 2 ). The strength of the correlation was similar for the significantly associated variables. Similar results were obtained when analysing correlations for the logarithmically transformed variables (data not shown). The 2-h blood glucose value did not differ between sexes.
Multiple linear regression analysis was performed with OGTT 2-h blood glucose as the dependent variable. The best subset variable selection method was used, with all variables from Table 2 , together with sex, as possible predictor variables in the model. The associated variables were, in descending order of significance: (ΔI5/ΔG5)/ HOMA-IR, ΔI10, K-value, age, HOMA-β and fasting plasma glucose (Table 3) . Adjusted R 2 for the best subset model was 0.123, p<0.001. There was no multicollinearity problem in this model.
Differences in inclusion variables between outcome NGT
and DGT groups The same initial variables that correlated significantly to 2-h blood glucose (Table 2 ) also differed significantly between the NGT and DGT groups, except ΔI5/ΔG5 (Table 4) . Thus, at the beginning of the study, subjects who developed DGT were older and had a higher BMI. They also had a lower K-value and (ΔI5/ΔG5)/ HOMA-IR. Logarithmically transformed variables gave similar results (data not shown). There were no sex differences related to outcome glucose tolerance.
In multiple logistic regression analysis with glucose tolerance as the dichotomous outcome variable (DGT vs NGT), we used predictor variables established with the best subset variable selection method in multiple linear regression analysis. Starting with all possible predictor variables did not work efficiently in the logistic regression analysis due to multicollinearity. The associated variables were, in descending order of significance: ΔI10, (ΔI5/ΔG5)/HOMA-IR, K-value, HOMA-β, fasting plasma glucose and age ( Table 5 ). The p value for the log likelihood ratio test of goodness-of-fit was <0.001 for the 'best subset' model, and R 2 logit was 0.125. Importantly, similar results were obtained in logistic regression analysis when the seven subjects who developed type 2 diabetes during follow-up were included.
Discussion
The 30-year controversy on whether type 2 diabetes is a disorder of reduced insulin action or diminished insulin secretion is abating, with most investigators accepting that diminished insulin secretion is a necessary condition for the development of impaired glucose homeostasis [3, [16] [17] [18] . The main reason for underestimating the deficit in insulin secretion is failure to recognise the modulating effect of insulin sensitivity on beta cell function [14] . When this was taken into consideration it became evident that subjects at high risk of subsequently developing type 2 diabetes have a diminished insulin-releasing capacity. Thus, reduced first-phase insulin response to i.v. glucose was demonstrated in first-degree relatives of type 2 diabetes [5] , women with a history of present or previous gestational diabetes [19, 20] , women with polycystic ovary syndrome [21] , subjects with cystic fibrosis [22] , older subjects [23] and subjects with IGT [24] . These more recent findings provide strong support for our suggestion from four decades ago that subjects with a decreased insulin response to glucose (especially those with a low first-phase response, then labelled prediabetics) are at risk of developing type 2 diabetes when additional factors later in life, such as insulin resistance, demand a major increase in insulin output [25, 26] . The present investigation was initiated to verify this hypothesis in subjects belonging to a population in which these early observations were made.
Twenty-five years of follow-up enabled us to compare insulin responsiveness and sensitivity in subjects who maintained NGT with those who developed IGT or type 2 diabetes. We used simple measures of beta cell function during OGTT, such as incremental plasma insulin at 30 min (ΔI30), alone or related to the corresponding glucose increment (ΔI30/ΔG30, known as the insulinogenic index), which is a better parameter of beta cell sensitivity to glucose [27] . However, normalising the insulino- genic index to the insulin sensitivity of the subject ([ΔI30/ΔG30]/HOMA-IR) provides the best physiological parameter for characterising beta cell responsiveness to glucose [4] . The use of an early time point (30 min) is important, since it is well correlated to first-phase insulin secretion and is probably regulated by similar beta cell mechanisms. For example, the acute insulin response to i.v. glucose correlated with the insulinogenic index of OGTT at 30 min in Pima Indians [28] . We found similar correlations in lean subjects with normal vs reduced first-phase insulin response to the glucose infusion test [29] . The present cross-sectional study confirms the results of Jensen et al. [4] that both insulin secretion and insulin sensitivity decrease with decreasing glucose tolerance. Since neither the insulinogenic index nor the HOMA-IR were normally distributed, it was not possible to evaluate the relative importance of these parameters for deterioration of glucose tolerance from NGT to IGT to type 2 diabetes.
The main interest of this investigation lies in the analysis of predictive factors for glucose intolerance assessed 25 years earlier in a non-obese and non-high-risk population. The subjects were young at recruitment and were only about 55 years old at final OGTT. This may explain why age was not strongly correlated with outcome in the longitudinal study. Furthermore, initial body weight was normal, with very few overweight persons (none with a BMI>30.0 kg/m 2 and only 14 of 267 with a BMI>26.0 kg/ m 2 ); therefore, BMI was not strongly correlated with outcome in this study. Another explanation, corroborated in the multivariate analyses, is that age and BMI have little or no independent effect on glucose tolerance, but act mainly by decreasing insulin secretion and insulin sensitivity. The heredity of diabetes could be assessed in only 181 subjects. It appeared that about 30% of the subjects had at least one first-or second-degree relative with diabetes. This is the expected prevalence in a Swedish population of similar age [30] .
The predictive power of fasting plasma glucose for future diabetes has recently been summarised in a consensus statement published by the International Diabetes Federation [31] : in six studies from different populations without diabetes, the group with IFG accounted for 9-64% of future diabetes cases. Of our subjects, only six had initial fasting plasma glucose in the IFG range (6.1-6.9 mmol/l); only one developed IGT 25 years later. Thus, in our population, fasting glucose was not a strong predictor. In contrast, in all analyses, the K-value was constantly a predictor of final glucose tolerance. To our knowledge there is only one earlier long-term study of the predictive power of the K-value: Warram et al. showed that decreased glucose removal rate was an independent risk factor for developing diabetes among the offspring of diabetic parents [7] . Our study shows that this is also true in subjects recruited from the general population, even when they are overwhelmingly non-obese and lack other diabetes risk factors. The K-value has been described as an integral measure of simultaneous changes in hepatic glucose output and peripheral glucose removal, both of which are modified by insulin release [32] . Indeed, it has been shown by Thorell [33] , as well as by us [34] , that the K-value is closely correlated with glucose-induced first-phase insulin secretion, while the correlation with insulin sensitivity is weaker [34] . It is therefore not surprising that, in the univariate analyses of the 2-h blood glucose concentrations at the final OGTT, the only significantly associated estimates besides the K-value were ΔI5/ΔG5 and, especial- (Table 4) . We conclude from these results that the firstphase insulin response is an important predictor of future glucose tolerance, and suggest that in subjects at risk of developing IGT and diabetes, the beta cells have a reduced ability to respond rapidly to acute challenges.
A finding that seems surprising at first glance and in contradiction to the above discussion, is the positive correlation between the 10-min glucose infusion test insulin response (ΔI10) and future glucose intolerance (Tables 3 and 5) . What differs between 5 and 10 min during the 'square-wave' glucose stimulation of the pancreas during the glucose infusion test? While insulin values at 5 min correspond to first-phase insulin release, the 10 min sample reflects the beginning of second-phase secretion. We have previously demonstrated that second-phase insulin release is a function of so-called time-dependent potentiation (TDP) or glucose priming, which works via a mechanism different from the insulin secretion-initiating effect of the sugar [35, 36] . Of greater relevance to this study, previous work demonstrated that healthy subjects with a low insulin response to glucose or IGT exhibit enhanced TDP [37] . By this mechanism, beta cells try to compensate for the impaired initiatory effect of glucose on insulin secretion and maintain substantial late (secondphase) insulin responses until the advanced stages of type 2 diabetes. Insulin sensitivity in itself had no predictive value for IGT and type 2 diabetes in the present follow-up, in contrast to several studies in the literature: in Pima Indians [38] and Hispanics [9] , not only insulin responsiveness, but also insulin sensitivity was of major significance for development of IGT and type 2 diabetes. Why this difference? Both Pima Indians and Hispanics are populations with a very high prevalence of obesity. The subjects included in our study were of Swedish origin, non-obese and mostly physically fit; thus, in such a 'low-risk' population the confounding effect of obesity-related insulin resistance seems to be eliminated, permitting the unravelling of the importance of the underlying beta cell deficiency for the development of IGT. It could be claimed that HOMA-IR is not sensitive enough to disclose subtle alterations in insulin sensitivity. However, comparison of HOMA with the hyperinsulinaemic-euglycaemic clamp, which is the gold standard for measuring insulin sensitivity, revealed high and significant correlation, r≈0.80 [39] . Furthermore, in a previous study in type 2 diabetes patients with similar phenotype, insulin sensitivity determined with hyperinsulinaemic-euglycaemic clamps was normal [40] . Finally, while in vitro insulin sensitivity in muscle biopsies from patients with type 2 diabetes was decreased, it was normalised after long-term preincubation in a medium of normal glucose concentration [41] . Hence, rather than being a primary defect, it seems that the insulin resistance of these patients is secondary to hyperglycaemia, probably as a result of glucose-induced downregulation of glucose transport in muscle [42] .
In conclusion, 20% of 267 healthy subjects with normal intravenous glucose tolerance developed decreased oral glucose tolerance 25 years later. Both initial K-value and first-phase insulin response to glucose, corrected for insulin sensitivity ([ΔI5/ΔG5]/HOMA-IR), were consistent strong predictors of glucose tolerance at the end of follow-up. K-value is mainly controlled by first-phase insulin secretion. We therefore believe that a first-phase insulin response that is inadequate for the insulin sensitivity of the subject is an important risk factor for developing IGT and type 2 diabetes. Thus, this study supports the hypothesis that subjects with low insulin response are at risk of developing diabetes [26] . Predictor variables measured at the initial IVGTT and glucose infusion test were selected with the best subset method, as explained in the text
